Mutations in VMD2, encoding bestrophin (best-1), cause Best vitelliform macular dystrophy (BMD), adult-onset vitelliform macular dystrophy (AVMD), and autosomal dominant vitreoretinochoroidopathy (ADVIRC). BMD is distinguished from AVMD by a diminished electrooculogram light peak (LP) in the absence of changes in the fl ash electroretinogram. Although the LP is thought to be generated by best-1, we fi nd enhanced LP luminance responsiveness with normal amplitude in Vmd2 −/− mice and no differences in cellular Cl − currents in comparison to Vmd2 +/+ littermates. The putative Ca 2+ sensitivity of best-1, and our recent observation that best-1 alters the kinetics of voltage-dependent Ca 2+ channels (VDCC), led us to examine the role of VDCCs in the LP. Nimodipine diminished the LP, leading us to survey VDCC β-subunit mutant mice. Lethargic mice, which harbor a loss of function mutation in the β 4 subunit of VDCCs, exhibited a signifi cant shift in LP luminance response, establishing a role for Ca 2+ in LP generation. When stimulated with ATP, which increases [Ca ++ ] I , retinal pigment epithelial cells derived from Vmd2 −/− mice exhibited a fi vefold greater response than Vmd2 +/+ littermates, indicating that best-1 can suppress the rise in [Ca 2+ ] I associated with the LP. We conclude that VDCCs regulated by a β 4 subunit are required to generate the LP and that best-1 antagonizes the LP luminance response potentially via its ability to modulate VDCC function. Furthermore, we suggest that the loss of vision associated with BMD is not caused by the same pathologic process as the diminished LP, but rather is caused by as yet unidentifi ed effects of best-1 on other cellular processes.
Mutations in VMD2, encoding bestrophin (best-1), cause Best vitelliform macular dystrophy (BMD), adult-onset vitelliform macular dystrophy (AVMD), and autosomal dominant vitreoretinochoroidopathy (ADVIRC). BMD is distinguished from AVMD by a diminished electrooculogram light peak (LP) in the absence of changes in the fl ash electroretinogram. Although the LP is thought to be generated by best-1, we fi nd enhanced LP luminance responsiveness with normal amplitude in Vmd2 −/− mice and no differences in cellular Cl − currents in comparison to Vmd2 +/+ littermates. The putative Ca 2+ sensitivity of best-1, and our recent observation that best-1 alters the kinetics of voltage-dependent Ca 2+ channels (VDCC), led us to examine the role of VDCCs in the LP. Nimodipine diminished the LP, leading us to survey VDCC β-subunit mutant mice. Lethargic mice, which harbor a loss of function mutation in the β 4 subunit of VDCCs, exhibited a signifi cant shift in LP luminance response, establishing a role for Ca 2+ in LP generation. When stimulated with ATP, which increases [Ca ++ ] I , retinal pigment epithelial cells derived from Vmd2 −/− mice exhibited a fi vefold greater response than Vmd2 +/+ littermates, indicating that best-1 can suppress the rise in [Ca 2+ ] I associated with the LP. We conclude that VDCCs regulated by a β 4 subunit are required to generate the LP and that best-1 antagonizes the LP luminance response potentially via its ability to modulate VDCC function. Furthermore, we suggest that the loss of vision associated with BMD is not caused by the same pathologic process as the diminished LP, but rather is caused by as yet unidentifi ed effects of best-1 on other cellular processes.
I N T R O D U C T I O N
In response to a light stimulus, the fi rst components of the electroretinogram (ERG) that can be recorded are generated by neuronal elements of the retina (Robson and Frishman, 1995; Kofuji et al., 2000; Robson et al., 2003) . These initial components are then followed by a series of slow changes in potential that are generated by nonneuronal retinal cells (Steinberg et al., 1985) . The positive polarity c-wave represents the sum of two components of opposite polarity that are generated in response to the decline in subretinal [K + ] associated with the retinal response to light, and is followed by the fast oscillation (FO), which is generated in part by the recovery of the c-wave and a Cl − -induced hyperpolarization of the basal membrane of the retinal pigment epithelium (RPE) (Griff and Steinberg, 1984; Linsenmeier and Steinberg, 1984; Steinberg et al., 1985) . The light peak (LP) follows the FO and refl ects a depolarization of the basal membrane of the RPE due to an increased Cl − conductance (Linsenmeier and Steinberg, It is an autosomal dominant inherited disease characterized by early onset degeneration of the macula (Godel et al., 1986) , a specialized central region of the retina necessary for high acuity vision. The pathogenesis of BMD is characterized clinically by an egg yolk-like vitelliform lesion in the ocular fundus (Marmor, 1979; Gass, 1997) which typically presents in childhood. Eventually the vitelliform lesion will become disrupted and atrophic. Postmortem studies of donor eyes typically indicate substantial abnormal accumulation of lipofuscin in the RPE (Frangieh et al., 1982; Weingeist et al., 1982; O'Gorman et al., 1988) , though exceptions have been reported (Mullins et al., 2005) . Not all carriers of BMDassociated mutations develop vitelliform lesions and vision loss. The only fully penetrant symptom of the disease is the fi nding of a diminished LP without aberrations in the a-or b-waves of the fl ash ERG (Deutman, 1969; Cross and Bard, 1974) . Historically the EOG has been the diagnostic determinant that distinguishes BMD from adult onset vitellifrom dystrophy (AVMD) (Marmor, 1979) , though mutations in VMD2 have been reported in AVMD patients (Allikmets et al., 1999; White et al., 2000; Seddon et al., 2001) .
Mutations in VMD2 have also been found in autosomal dominant vitreoretinochoroidopathy (ADVIRC) (Yardley et al., 2004) . ADVIRC is characterized by specifi c defects in pigmentation accompanied by choroidal atrophy and the presence of yellow-white retinal opacities (Blair et al., 1984) . Abnormalities in the LP have also been observed (Han and Lewandowski, 1992) in ADVIRC patients. These abnormalities however are accompanied by a subnormal fl ash ERG response (Han and Lewandowski, 1992) .
The VMD2 gene encodes bestrophin (best-1), a 68-kD member of the bestrophin or RFP-TM family of proteins. Although mRNA for best-1 is in RPE, testis, placenta, and brain, (Petrukhin et al., 1998; Marquardt et al., 1998) , the protein has only been detected in RPE cells (Stanton et al., 2006) , where it is localized to the basolateral plasma membrane (Marmorstein et al., 2000; Bakall et al., 2003) . Understanding best-1 function should be a key toward identifying candidate therapies for BMD. The EOG LP abnormality has served for many in the fi eld as the basis to hypothesize a function for best-1. Studies performed in the Steinberg laboratory have shown that the LP is generated by a depolarization of the basal plasma membrane due to activation of a Cl − conductance (Gallemore and Steinberg, 1989) . Based on the symptoms of BMD and the localization of the protein, the simplest hypothesis for best-1 function is that the LP is generated by a single Cl − channel, that best-1 is that channel, and that the disease is due to loss of best-1 Cl − channel activity. Evidence in favor of this hypothesis was fi rst provided by Sun et al. (2002) . In that study, heterologous expression of various bestrophins in HEK 293 cells resulted in the appearance of Ca 2+ -sensitive Cl − currents that were not observed or were signifi cantly smaller when BMD-associated mutants were introduced. Subsequent patch-clamp studies in transfected cells (Qu et al., 2003; Tsunenari et al., 2003) have found that different bestrophin family members have unique I/V relationships (Qu et al., 2003; Tsunenari et al., 2003; , and have identifi ed amino acid residues that appear to confer ion selectivity in transfected cells . A consistent fi nding has been that the introduction of mutations that cause BMD at conserved positions in the amino acid sequence results in a loss of diminished level of channel activity. These data have resulted in a model of BMD pathogenesis that explains the diminished LP and histopathologic consequences as the result of reduced or absent best-1 Cl − channel activity (Sun et al., 2002) . We have recently shown that rats overexpressing BMD-associated best-1 mutants exhibit a diminished LP and an altered luminance response function (Marmorstein et al., 2004) . However, overexpression of wild-type (wt) best-1 did not increase LP amplitude, as might be predicted based on other studies of Cl − channel overexpression (Zhou et al., 1994; Wersto et al., 1996) , but did appear to reduce the sensitivity of the LP generator to light (Marmorstein et al., 2004) .
In the present study, we sought to test the hypothesis that best-1 is the generator of the LP response by disrupting the Vmd2 gene in mice. Surprisingly, in comparison to wt littermates, Vmd2 −/− mice have a normal maximum LP but exhibit larger LPs in response to lower intensity stimuli. We also noted that the LP can be diminished by nimodipine, a blocker of L-type voltage-dependent calcium channels (VDCCs), and that lethargic mice harboring a loss of function mutation in the VDCC β 4 subunit (Burgess et al., 1997) (Rosenthal et al., 2006) .
M AT E R I A L S A N D M E T H O D S
Targeted Disruption of the Vmd2 Gene A BAC clone containing the entire mouse genomic DNA for Vmd2 was isolated by screening a genomic 129/SvJ mouse library ( Incyte Genomics). A replacement targeting vector was constructed using a 4.8-kb EcoRI-AvrII fragment corresponding to a region upstream of Vmd2 coding region and a 3-kb XbaI-BamHI fragment spanning introns I-III as the 5′ and 3′ arms of homology, respectively. Both fragments were subcloned into the vector PGKneolox-2DTA (a gift from P. Soriano, Fred Hutchinson Cancer Research Center, Seattle, WA). The neomycin phosphotransferase gene (Neo r ) under control of the mouse phosphoglycerate kinase I (PGK) promoter was inserted in inverse orientation with respect to the endogenous Vmd2 gene. This targeting vector also contains an expression cassette of bacterial dipheria toxin A fragment (DTA) for negative selection. The targeting construct was linearized using a unique MluI restriction site and electroporated into 129/SvJ ES cells (Cell and Molecular Technologies). Homologous recombination was determined by Southern blot analysis. Homologous recombination between the wt locus and the targeting vector resulted in the replacement of 3 kb of genomic DNA, including 500 bp upstream of the start codon and the fi rst protein-coding exon. ES cell clones were injected into C57BL/6 blastocysts to produce chimeras. Chimeras were bred with 129SvJ and C57BL/6 females, respectively. Heterozygotes identifi ed by Southern blot analysis of tail DNA were inbred to yield Vmd2 −/− homozygous mutants.
RT-PCR
RT-PCR was performed to confi rm the absence of Vmd2 gene expression in Vmd2 −/− mice. Total RNA was isolated from the posterior poles of mouse eyes using Trizol (Invitrogen) and reverse transcribed using oligo dT15 as primer. In PCR reactions, primers corresponding to the mouse best-1 cDNA sequence were used
. These primers span different exons to distinguish PCR products for cDNA from genomic DNA contamination by the size difference in fragment length. Primers corresponding to fi bulin-3 were used as a positive control for RNA integrity.
VDCC Mutant Mice
Mice lacking either the β 1 or β 2 subunit of VDCCs were generated using gene targeting and transgenic rescue, as described elsewhere (Gregg et al., 1996; Ball et al., 2002) . Mice heterozygous for the lethargic defect were obtained from The Jackson Laboratory and bred to obtain the mice tested here.
Electroretinography
After overnight dark adaptation, mice were anesthetized with ketamine (80 mg/kg) and xylazine (16 mg/kg). Eye drops were used to anesthetize the cornea (1% proparacaine HCl) and to dilate the pupil (1% mydriacyl, 2.5% phenylephrine HCl, 1% cyclopentolate HCl). Mice were placed on a temperature-regulated heating pad throughout the recording session. All procedures involving animals were approved by the local institutional animal care and use committees and were in accordance with the Institute for Laboratory Animal Research Guide for Care and Use of Laboratory Animals.
Two stimulation and recording systems and protocols were used. ERG components generated by the RPE were recorded as described previously Wu et al., 2004a,b) . Each mouse was tested only once on a given day, using only a single stimulus condition, and intensity-response functions were developed from multiple recording sessions that were separated by at least 2 d. The unattenuated stimulus was 4.4 log cd/m 2 , corresponding to 6.8 log photoisomerizations/rod/s (Wu et al., 2004b) .
The major components of the dc-ERG were measured conventionally Wu et al., 2004a,b) . The amplitude of the c-wave was measured from the prestimulus baseline to the peak of the c-wave. The amplitude of the FO was measured from the c-wave peak to the trough of the FO. The amplitude of the LP was measured from the FO trough to the asymptotic value. The amplitude of the off-response was measured from the tail of the response to the peak of the off-response, which is either negative or positive in polarity, depending on fl ash intensity (Wu et al., 2004a,b) .
Conventional ERG responses were recorded using a stainless steel electrode that made contact with the corneal surface through a thin layer of 0.7% methylcellulose. Needle electrodes placed in the cheek and the tail served as reference and ground leads, respectively. Under these conditions, mice typically develop reversible cataracts. Responses were differentially amplifi ed (0.3-1,500 Hz), averaged, and stored using a UTAS E-3000 signal averaging system (LKC Technologies). ERGs were recorded to fl ash stimuli presented in an LKC ganzfeld. The maximulus stimulus intensity used was 2.1 log cd s/m 2 , equivalent to 4.5 log photoisomerizations/rod/s (Wu et al., 2004b) . At each fl ash intensity, interstimulus intervals were chosen to maintain a stable level of response, and increased from 4 s at the lowest fl ash intensity to 61 s at the highest stimulus levels.
The amplitude of the a-wave was measured from the prestimulus baseline to the a-wave trough. The amplitude of the b-wave was measured from the a-wave trough to the peak of the b-wave or, if no a-wave was present, from the prestimulus baseline. Implicit times were measured from the time of fl ash onset to the a-wave trough or the b-wave peak.
Immunohistochemistry
Adult mouse eyes were fi xed overnight in 4% paraformaldehyde in PBS and processed for paraffi n embedding as described previously (Bakall et al., 2003) . Following antigen retrieval, sections were stained with polyclonal anti-mouse best-1 antibody PAB-003 as described previously (Bakall et al., 2003) using DAB as substrate. Sections were counterstained with nuclear fast red and examined and photographed using a Nikon E600 microscope with CCD camera.
Isolation of Fresh RPE Cells
Eyes of 2-3-mo-old mice were enucleated and opened by a circumferential incision along the ora serrata. After removal of the anterior parts of the eye including retina, the RPE layer was washed and incubated in Mg 2+ and Ca 2+ PBS for 5 min. Sheets of RPE were removed using a pair of fi ne forceps. These RPE sheets were directly subjected for measurements of intracellular free Ca 2+ . To prepare a single cell suspension for patch-clamp analysis, RPE cell sheets were incubated in papain (0.5 U/ml) for 20 min and dissolved into a single cell suspension by gentle pipetting. The papain reaction was stopped using DMEM cell culture medium with 0.1% FCS.
Patch-clamp Recordings of Whole Cell Cl − Currents
Fresh RPE cells from the single cell suspensions were placed in a bath chamber on the stage of an inverted microscope and were allowed to settle for 30 min. Cl − currents were measured in K + -free solutions. The bath solution was composed of (in mM) 136.43 NaCl, 1,1 Na 2 HPO 4 , 4.17 NaHCO 3 , 0.89 MgCl 2 , 0.95 CaCl 2 , 5.8 TEACl, 25 HEPES, 11.1 glucose, adjusted to pH 7.4 with Tris. Patch-clamp electrodes with a resistance of 3-5 MΩ were pulled from borosilicate glass using a DMZ Universal Puller. The electrodes were fi lled with a solution containing (in mM) 100 CsCl, 10 NaCl, 2 MgSO 4 , 0.5 CaCl 2 , 5,5 EGTA, HEPES, adjusted to pH 7.2 with Tris. This solution has a calculated concentration of free Ca 2+ of 10 nM. To ensure that recorded currents were bona fi de Cl − currents, in some experiments E Cl was varied by replacing extracellular Cl − with I − . This was accomplished by substituting NaI for NaCl and resulted in a shift of the reversal potential from 1.3 ± 2.2 mV toward more negative values (by −8.4 ± 1.5 mV, n = 4 cells). The authenticity of Cl − currents was further validated by their sensitivity to 1 mM DIDS, which reduced current amplitude by 53 ± 6% (mean ± SD, n = 4).
To compare ion currents in the presence of elevated Ca 2+ , the same pipette solution with 400 nM without EGTA was used. Whole-cell currents were measured using an EPC-9 (HEKA) patch-clamp amplifi er in conjunction with TIDA hard and software (HEKA) for data acquisition and analysis. Membrane and access resistance were compensated for by the patch-clamp amplifi er. The mean membrane capacitance in RPE cells from Vmd2 +/+ mice was 57.6 ± 39 pF (mean ± SD; n = 41) and in Vmd2 −/− mice 51.3 ± 35.3 pF (mean ± SD; n = 10). The access resistance was compensated for to values smaller than 10 MΩ.
Measurements of Intracellular Free Ca 2+ Intracellular free Ca 2+ was measured using the Ca 2+ -sensitive fl uorescent dye fura-2 according to the method of Grynkiewicz et al. (1985) . Fluorescence of fura-2 was measured using a Visitron Systems polychromator and fl uorescence detection system connected to a Carl Zeiss MicroImaging, Inc. inverted microscope. During the measurements, the cells were superfused by bath solution composed of (in mM) 118 NaCl, 5 KCl, 1.2 MgCl 2 , 1.2 Na 2 SO 4 , 2 NaH 2 PO 4 , 1.8 CaCl 2 , 9.1 glucose, 21 HEPES, pH 7.4 adjusted with Tris. For fura-2 loading, sheets of freshly isolated RPE cells were incubated for 45 min in bath containing 10 μM fura-2-AM. Absolute values of intracellular free Ca 2+ were estimated using intracellular calibration according to Grynkiewicz et al. (1985) using bath solution with 10 μM ionomycin to saturate fura-2 with Ca 2+ and Ca 2+ -free bath solution with 10 μM ionomycin to deplete fura-2 from Ca 2+ . Ca 2+ concentrations were calculated using Visitron software.
R E S U LT S

Generation of Mice with a Disrupted Vmd2 Gene
We disrupted the Vmd2 locus by homologous recombination in mouse ES cells using a replacement vector (Fig. 1 A) . The deleted genomic sequence encompasses a region beginning 500 bp upstream of the initiation codon and including all of exon 1. The generation of a null mutant was confi rmed by Southern blot (Fig.  1 , B and C), RT-PCR, and by immunohistochemistry RT-PCR analysis of total RNA was used to confi rm a null phenotype (D). The 315-bp Vmd2-derived PCR product was present in Vmd2 +/+ and Vmd2 +/− mice but absent in the −/− lane. In the positive control, a 428-bp product was obtained from all mice using primers for fi bulin-3. Best-1 was detected by immunohistochemistry in the RPE of Vmd2 +/+ but not Vmd2 −/− mice (E). Arrows in E indicate the RPE.
using an anti-mouse best-1 antibody as described previously (Bakall et al., 2003) . When examined by RT-PCR, no band was detected using total RNA from Vmd2 −/− mice, while Vmd2 +/+ and Vmd2 +/− mice were positive for the predicted 315-bp PCR product (Fig. 1 D) . Immunohistochemical staining of eyes with an antibody directed at the COOH terminus of mouse best-1 reproduced the localization of best-1 (Bakall et al., 2003) to RPE cells in Vmd2 +/+ and +/− mice, while Vmd2 −/− mice exhibited no staining (Fig. 1 E) .
Vmd2 −/− mice were viable, grew normally, were fertile, and demonstrated no obvious physical or behavioral abnormalities. No histological evidence of retinal degeneration was noted in Vmd2 −/− mice as old as 14 mo of age.
Analysis of the ERG Phenotype in Vmd2
The only fully penetrant symptom of BMD is a diminished LP with an otherwise normal a-and b-wave of the fl ash ERG, which is performed on dark-adapted subjects and measures rod driven responses (Robson and Frishman, 1998) . We examined dark-adapted ERG responses in Vmd2 −/− mice. No signifi cant differences were observed in the amplitude (Fig. 2 A) or implicit time (Fig. 2 B) of the rod a-or b-waves of Vmd2 −/− mice compared with Vmd2 +/+ mice under any stimulus condition.
The EOG LP can be monitored more precisely using direct current (DC) amplifi cation of the ERG (Steinberg et al., 1985) . To assess the role of best-1 in the LP we recorded DC-ERGs across a 5-log unit range of stimulus luminance from adult mice aged 2-6 mo. At the three lowest stimulus luminance levels (−1, 0, and 1 log cd/m 2 ), signifi cantly (P < 0.05) larger LPs were recorded from Vmd2 −/− mice relative to Vmd2 +/+ mice (Fig. 3) . Notably, at the lowest stimulus applied, Vmd2 +/+ mice exhibited responses that were barely discernable from baseline, while Vmd2 −/− mice exhibited LPs with amplitudes between 300 and 400 μV. At higher stimulus luminance levels, amplitudes were similar in Vmd2 +/+ and Vmd2 −/− mice. Vmd2 +/− mice exhibited responses that did not differ signifi cantly from those of Vmd2 +/+ mice (unpublished data). These fi ndings indicate that best-1 is not required to generate the ionic conductances that underlie the LP, and suggest that it antagonizes the LP response. Limited recordings from animals up to 14 mo of age showed similar effects with no deficits in the responses (unpublished data).
The c-wave and FO of Vmd2 +/+ and Vmd2 −/− mice were indistinguishable at all stimulus luminance levels tested. Interestingly, a difference in the off-response was noted. Although the origin of this response component is unknown, the polarity of the off-response reverses, from negative to positive, with increasing stimulus intensity (Wu et al., 2004a,b) . While the off-response amplitudes in both Vmd2 +/+ and Vmd2 −/− mice were similar, the reversal of response polarity occurred at a lower stimulus luminance in Vmd2 −/− mice than in Vmd2 +/+ or Vmd2 +/− littermates. This shift is consistent with the enhanced LP observed in response to lower intensity stimuli.
Analysis of Whole Cell Cl − Conductances
Since best-1 has been described to function as a Cl − channel, we analyzed RPE cells freshly isolated from Vmd2 +/+ and Vmd2 −/− mice for possible differences in whole cell Cl − conductance using whole cell patchclamp. Isolated cells possessed properties similar to those described for freshly isolated rat RPE by Ueda and Steinberg (1994) with clearly discernable apical and basolateral membrane domains (Fig. 4 A) . Our recordings were initially performed in buffer containing a low [Ca 2+ ], resulting in an intracellular free [Ca 2+ ] of 10 nM. When subjected to a series of voltage steps as indicted in Fig. 4 B, most of the cells showed inwardly rectifying currents for both Vmd2 +/+ and Vmd2 −/− mice (Fig. 4, C and D) . In some cells, an outwardly rectifying conductance was also recorded, though this was seen in cells derived from Vmd2 +/+ or Vmd2 −/− mice. Under low [Ca 2+ ] conditions, no difference in current density was observed between Vmd2 +/+ and Vmd2 −/− mice. Since best-1 has been described as a Ca 2+ -dependent Cl − channel, we also performed whole-cell recordings with an intracellular Ca 2+ concentration of 400 nM. This condition has been used by others to stimulate best-1-associated currents (Fischmeister and Hartzell, 2005) . High [Ca 2+ ] resulted in increased Cl − currents in RPE cells isolated from both Vmd2 +/+ and Vmd2 −/− mice (Fig. 4, C-E) ; however, we did not observe any difference in the current density between Vmd2 +/+ and Vmd2 −/− mice (Fig. 4 E) . We conclude from these experiments that best-1 is not a dominant Cl − channel species in the RPE plasma membrane. Cl − conductances in RPE cells isolated from Vmd2 +/+ and Vmd2 −/− mice. RPE cells were isolated from mice as described in the Materials and Methods. As reported by Ueda and Steinberg (1994) , apical microvilli could be distinguished from the basal surface of the cells as shown in A. Cl − currents in response to a series of step potentials (B) were analyzed by whole cell patch-clamp in low (10 nM) or high (400 nM) Ca 2+ . Examples of recordings obtained from individual cells in high Ca 2+ are shown in C for both Vmd2 +/+ and Vmd2 −/− mice. I/V plots for low and high Ca 2+ conditions are shown in D for both Vmd2 +/+ and Vmd2 −/− mice (mean ± SD, 6 ≤ n ≤ 22 cells). Note that larger currents were obtained in high Ca 2+ conditions. A comparison of currents obtained in high Ca 2+ conditions (E) indicates no differences between Vmd2 +/+ and Vmd2 −/− mice.
Effect of Nimodipine on the Light Peak
Since the LP of Vmd2 −/− mice was not diminished or absent, and any effects on Cl − channel function were too weak for us to detect, we sought to better understand the basis of the LP response by studying the putative Ca 2+ sensitivity of the LP (Gallemore et al., 1998) . The role of Ca 2+ in stimulating the LP was hypothesized based on the response of RPE cells to extracellular ATP (Peterson et al., 1997) . We have recently shown that nimodipine, a specifi c inhibitor of L-type voltage-gated Ca 2+ channels, diminishes the LP of rats and that best-1 alters the kinetics of VDCCs (Rosenthal et al., 2006) . On this basis, we analyzed the effects of nimodipine on the LP of Vmd2 +/+ and Vmd2 −/− mice. Mice were injected intraperitoneally with nimodipine (1 mg/kg) or vehicle alone, and dark adapted for 30 min, after which DC-ERGs were recorded in response to a 2 log cd/m 2 stimulus. As shown in Fig. 5 and Fig. 6 (A and B) , the LP was signifi cantly reduced in Vmd2 +/+ and Vmd2 −/− mice when compared with controls in which the animals were injected with vehicle alone. The reduction in LP amplitude was not the result of depressed photoreceptor function, as the a-and b-waves of the ERG were unaffected by nimodipine (Fig. 5, A and B) . Furthermore, no difference in heart rate was observed between experimental and control groups (Table I) . On average, treatment with nimodipine induced a signifi cant decrease in LP amplitudes obtained to a 2 log cd/m 2 stimulus by 49.7% for Vmd2 +/+ mice (P < 0.03; n = 8) (Fig. 5, C and D) and 59.1% for Vmd2 −/− animals (P < 0.04; n = 8) (Fig. 6, A and B) . Since Vmd2 −/− mice exhibit an enhanced luminance response, we also probed the effect of nimodipine at a stimulus luminance of −1 log cd/m 2 (Fig. 6, C and D) . At this stimulus luminance, nimodipine caused a decrease of 47% (p = 0.09, n = 5) in LP amplitude with no change in c-wave, FO, or offresponse in Vmd2 −/− mice. Vmd2 +/+ did not mount an LP response of suffi cient amplitude to measure at this stimulus luminance (see Fig. 3 ). These data suggest a potential role for VDCCs in determining LP amplitude, and suggest a greater sensitivity of the LP to nimodipine in Vmd2 −/− mice.
ERG Phenotypes in VDCC β Subunit Null Mice
We next set out to survey the RPE-generated components of the ERG in VDCC mutant mice. While the α1 subunit forms the ion pore, the specifi c α 1 subunit(s) expressed in the mouse RPE are not known and α subunit knockout mice exhibit severe systemic phenotypes. In comparison, the β subunit is often required for correct localization and function of the α 1 subunit Figure 5 . Effect of Ca 2+ channel blocker nimodipine on RPEgenerated ERG components. The effect of nimodipine on the DC-ERG of Vmd2 +/+ mice was determined 30 min after intraperitoneal injection of a 1 mg/kg dose of nimodipine using a 2 log cd/m 2 stimulus. Representative ERGs (A) obtained after injection of vehicle alone (control) or 1 mg/kg nimodipine. Intensityresponse functions for major ERG components are shown in B. Each data point indicates the average (±SD) for three mice. The amplitude of the a-wave was measured 8 ms after stimulus presentation. The amplitude of the b-wave was measured to the peak of the b-wave from the a-wave trough or, if no a-wave was present, from the baseline. C shows grand average dc-ERG waveforms generated from animals receiving nimodipine or vehicle alone (n = 8 both groups). Note the obvious reduction in amplitude of the LP in nimodipine-treated mice. C-wave, FO, LP, and off-response amplitudes are shown in D. Bars represent mean ± SEM.
TA B L E I
Heart Rates (Beats per Minute) Determined before and after dc-ERG Recordings
Before dc-ERG 243 ± 29 246 ± 28 269 ± 48 247 ± 56
After dc-ERG 281 ± 62 281 ± 32 297 ± 56 281 ± 57
Data are average ± SD. For each group n = 8. (Gregg et al., 1996; Burgess et al., 1999; Ball et al., 2002) , and a survey of public SAGE databases indicated that mRNA for the β 1 , β 2 , and β 4 subunits of VDCCs are expressed in RPE cells. Our prior study indicated that in the absence of these β subunits, photoreceptors respond normally to light and none of these animals exhibit signs of retinal degeneration (Ball et al., 2002) . Since rod photoreceptor activity is comparable in each β mutant mouse, RPE responses are induced by a comparable initiating stimulus from rod photoreceptor activity. LP amplitudes were recorded from each β mutant mouse and the matching controls. No signifi cant changes were seen in β 1 or β 2 mutant mice (unpublished data). In comparison, ERG components generated by the RPE were signifi cantly reduced in lethargic mice (Fig. 7) , which express a loss of function mutation in the β 4 subunit (Burgess et al., 1997) . Analysis of the luminance-response functions obtained from lethargic mice indicates difference in LP amplitudes at 0 (P = 0.049), 1 (P = 0.070), and 2 (P = 0.038) log cd/m 2 stimuli (Fig. 7) . Interestingly the maximum LP amplitude never reaches that of their wt littermates (lethargic = 1.34 ± 0.16 mV obtained at 3 log cd/m 2 vs. wt = 1.73 ± 0.20 mV obtained at 2 log cd/m 2 , mean ± SEM, n ≥ 7). Furthermore, the LP luminance-response function of lethargic mice is shifted by ‫1ف‬ log unit toward higher intensities from that of wt mice (Fig. 7) , indicating an overall decrease in sensitivity. Maximum amplitudes of the c-wave and FO were also depressed in lethargic mice, but these differences did not reach statistical signifi cance except at the 2 log cd/m 2 stimulus level (c-wave P < 0.001, FO P < 0.02). These data indicate that VDCCs specifi cally containing a β 4 subunit play a role in generating the LP and possibly other RPE-generated components of the ERG.
Effect of Best-1 on [Ca 2+ ] I
Although Vmd2 −/− mice exhibit no apparent alteration in Ca 2+ -induced Cl − currents, we have demonstrated Figure 6 . Effect of nimodipine on RPE-generated ERG components of Vmd2 −/− mice. The effect of nimodipine on the DC-ERG of Vmd2 −/− mice was determined as indicated for Vmd2 +/+ mice in Fig. 5 using stimuli of 2 log cd/m 2 (A and B, n = 8) or −2 log cd/m 2 (C and D, n = 5). Examination of grand average waveforms (A and C) indicates that the most obvious effects are on the amplitude of the LP. Examination of maximum response amplitudes (B and D) confi rms that there is minimum effect of nimodipine on the c-wave, FO, or off-response. However, the LP was signifi cantly (*, P < 0.05) diminished at 2 log cd/m 2 (B). Although the LP was reduced at −2 log cd/m 2 (D), the effect was of borderline signifi cance (P = 0.09). Data in C and D are mean ± SEM. a role for Ca 2+ and VDCCs in generating the LP, and we have recently reported that best-1 can alter the kinetics of VDCCs (Rosenthal et al., 2006) . Since extracellular ATP has been proposed to function as the LPS by changing both RPE Cl − conductance and [Ca 2+ ] I (Peterson et al., 1997; Mitchell, 2001; Reigada and Mitchell, 2005) , we examined whether the absence of best-1 altered the RPE response to ATP. Changes in [Ca 2+ ] I were examined in freshly isolated sheets of RPE cells derived from either Vmd2 +/+ or Vmd2 −/− mice loaded with the Ca 2+ indicator dye fura-2. Application of 100 μM ATP led to a slow monophasic rise in intracellular free Ca 2+ in RPE cells derived from either Vmd2 +/+ or Vmd2 −/− mice (Fig. 8) . The increase in [Ca 2+ ] I in Vmd2 −/− RPE cells (to 280 ± 58% of resting levels) was signifi cantly (P < 0.05) greater than that of Vmd2 +/+ RPE cells (to 126 ± 6% of resting level; Fig. 8 C) .
D I S C U S S I O N
In this work, we set out to test the hypothesis that best-1 is the Cl − channel that generates the LP by disrupting the Vmd2 gene. Based on this hypothesis, we predicted that the absence of best-1 expression should induce a marked reduction in this ERG component as well as a distinct reduction in the Cl − conductance of the cells recorded by whole cell patch-clamp in high Ca 2+ . In contrast we found that LP responses in Vmd2 −/− mice were actually larger at nonsaturating luminance levels than those recorded from Vmd2 +/+ mice (Fig. 3) . In addition, we found no difference in Cl − conductances in Vmd2 −/− vs. Vmd2 +/+ littermates, but we did observe a signifi cant increase in the change in [Ca 2+ ] I elicited by stimulation with extracellular ATP in Vmd2 −/− vs. Vmd2 +/+ littermates. These data indicate that best-1 is not required to generate the LP, and taken together with our previous fi ndings that overexpression of best-1 in wt rats desensitizes the LP response (Marmorstein et al., 2004) and affects the kinetics of VDCCs (Rosenthal et al., 2006) , can be interpreted as indicating that best-1 antagonizes the LP, thus predicting that diseasecausing mutations of best-1 exhibit a gain of function in this regard.
Generation of the LP
The LP arises from a depolarization of the basolateral plasma membrane of the RPE due to activation of a Cl − conductance. This response, in contrast to the c-wave and FO, is stimulated by an LPS that is thought to trigger the LP via a second messenger system involving Ca 2+ (Gallemore et al., 1998) . The most likely candidate for the LPS is extracellular ATP, recognized at the apical plasma membrane by purinergic receptors ( Peterson et al., 1997) . Stimulation of RPE cells in vitro with ATP results in an increase in [Ca 2+ ] I , resulting in the activation of a basolateral Cl − conductance similar to the LP (Peterson et al., 1997) . Although the depletion of intracellular Ca 2+ stores occurs rapidly, the LP is sustained over several minutes. It is likely that some mechanism of extracellular Ca 2+ entry would be required to sustain the response, and it has been proposed that the LP Cl − conductance is activated Figure 7 . RPE-generated ERG components in the lethargic mouse. ERGs were recorded to 7-min duration stimulus fl ashes from control (blue) or lethargic (red) mice. Grand average of responses are shown in A for each stimulus intensity. Stimulus presentation is represented by the lower trace (black). Intensity-response functions (B) for the amplitude of the major ERG components generated by the RPE in response to light. Data points indicate the mean ± SEM. For luminance levels of 0 and 4 log cd/m 2 , n ≥ 5. For responses obtained at luminance levels of 1, 2, and 3 log cd/m 2 , n ≥ 8.
(maintained) by an increase in [Ca 2+ ] I (Gallemore et al., 1998) .
Consistent with a role of Ca 2+ in LP generation, LP amplitude is selectively reduced by the VDCC inhibitor nimodipine in rats (Rosenthal et al., 2006) and mice (Figs. 5 and 6). Since L-type channels can mediate capacitative Ca 2+ entry into cells (Putney et al., 2001; Mergler and Strauss, 2002) , these fi ndings led us to investigate the role of VDCCs in LP generation. lethargic mice were found to exhibit a substantial shift of the LP luminance response function and diminished maximum LP amplitudes in comparison to congenic controls. This places VDCCs regulated by the β 4 subunit in the LP response pathway and makes the β 4 subunit the fi rst molecule experimentally demonstrated to be required to generate the LP.
The antagonistic effect of best-1 on the LP and its ability to suppress release of [Ca 2+ ] I would account for the desensitization effects observed when mutant best-1 is overexpressed in rats (Marmorstein et al., 2004) and suggests that best-1 may interact with VDCCs to regulate their responses. We have recently shown that best-1 can alter the kinetics of VDCCs (Rosenthal et al., 2006) and that BMD-associated best-1 mutants alter VDCC kinetics in different ways than the wt protein. However, whether best-1 interacts with VDCCs via physical interaction, signal transduction, or as a consequence of other activities in which best-1 participates awaits further investigation.
Having Despite considerable evidence that best-1 can function as a Cl − channel when expressed in vitro (for review see Hartzell et al., 2005) , we found no indication that best-1 functions in this capacity in the RPE plasma membrane, generates the LP, or that best-1 is required for the health of the RPE or the retina. Since our analysis of Cl − currents in mouse RPE cells was not exhaustive (Fig. 4) , we cannot on the basis of this data state conclusively that best-1 is not a Cl − channel, or exclude the possibility that another Cl − channel has compensated for the lack of best-1. However, we have recently demonstrated that mice lacking CFTR or carrying mutant (∆508) CFTR exhibit impaired responses with regard to all RPE-generated ERG components, including the LP (Wu et al., 2006) , but no change in the position of the LP luminance-response function. Furthermore, mice lacking CLC-2 exhibit a defi cit in the transepithelial potential of the RPE (Bösl et al., 2001 ) and an early onset retinal degeneration. Thus, in the only other models in which Cl − channels have been removed from the RPE, there is no evidence for compensation by other channel types. Nevertheless, RT-PCR data suggest that best-2 may be expressed by the RPE, and it remains possible that best-2 may compensate for absence of best-1.
Clinical Implications
From a clinical-genetic point of view, our data are not surprising. Mutations in VMD2 cause BMD and ADVIRC, both of which exhibit a dominant pattern of inheritance. If disruption of best-1 Cl − channel activity were the cause of BMD, it would be likely that a disruption of the VMD2 gene in the human population would also cause BMD or a more severe form of retinal degeneration and that a null mutant with a recessive pattern of inheritance would have been reported. No recessive disease associated with mutations in VMD2 has, to date, been reported. In addition, AVMD is distinguished from BMD by the presence of a normal LP. Despite this, three mutations in the VMD2 gene have been reported in patients diagnosed with AVMD on the Figure 8 . Effect of best-1 on changes in [Ca 2+ ] I in response to ATP stimulation. RPE sheets were isolated from the eyes of Vmd2 +/+ or Vmd2 −/− mice (A) and loaded with fura-2. Changes in [Ca 2+ ] I were followed in response to stimulation with 100 μM ATP. Examples of data from individual cells are shown in B, where the red tracing is from cells isolated from Vmd2 −/− mice and the blue tracing is from cells isolated from Vmd2 +/+ littermates. C indicates the maximum average percent change in [Ca 2+ ] I (average ± SD, n = 13 for Vmd2 +/+ , n = 7 for Vmd2 −/− ). **, P < 0.05. basis of EOG testing (http:/ /www.uni-wuerzburg.de/ humangenetics/vmd2.html) (Kramer et al., 2000) . Of these mutations, T6P and A243T (A243V has not been studied) have impaired best-1-associated Cl − conductances (Sun et al., 2002) .
Based on the defects in the LP of the lethargic mouse and the presence of putative loss of function mutations in AVMD patients, it seems unlikely that the diminished LP in BMD or ADVIRC results from a loss of best-1 Cl − channel activity. In this regard, it is interesting to note that although suffering from episodic ataxia and epilepsy, neither lethargic mice (Ball et al., 2002) nor humans with β 4 subunit mutations (Escayg et al., 2000) have been reported to exhibit retinal degeneration or other vision problems. Instead, our fi ndings of enhanced LP responses in Vmd2 −/− mice accompanied by an enhancement of ATP-induced [Ca 2+ ] I , the diminished LP in lethargic mice without retinal defects, and the dominant inheritance patterns of BMD and ADVIRC suggest that the pathophysiology of vision loss in these diseases is due to a gain of function in best-1 and is independent of the effects on the LP.
In summary, based on the data that we have presented, we propose that best-1 is not necessary to generate the LP, but rather that it serves to antagonize it, possibly via its ability to inhibit increases in [Ca 2+ ] I in response to a stimulus, and by modulating VDCC kinetics (Rosenthal et al., 2006) . We have also provided evidence indicating that VDCCs containing a β 4 subunit are a necessary component of the LP pathway. The absence of retinal degeneration in the Vmd2 −/− mouse, in the lethargic mouse, and in humans with VDCC β 4 subunit mutations and the presence of vitelliform lesions in AVMD patients carrying VMD2 mutations but exhibiting normal LPs indicate that the diminished LP that is diagnostic for BMD is not the pathophysiological cause of vision loss in these individuals.
